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We present a new potential energy surface (called G3) for the chemical reaction Cl + H2 f HCl + H. The
new surface is based on a previous potential surface called GQQ, and it incorporates an improved bending
potential that is fit to the results of ab initio electronic structure calculations. Calculations based on variational
transition state theory with semiclassical transmission coefficients corresponding to an optimized multidi-
mensional tunneling treatment (VTST/OMT, in particular improved canonical variational theory with least-
action ground-state transmission coefficients) are carried out for nine different isotopomeric versions of the
abstraction reaction and six different isotopomeric versions of the exchange reaction involving the H, D, and
T isotopes of hydrogen, and the new surface is tested by comparing these calculations to available experimental
data. The theoretical data are also used to investigate the equilibrium constant and the branching ratio for
the reverse reaction, and calculations of these quantities are compared to the available experimental and
theoretical data.
I. Introduction
The reactions of a chlorine atom with a hydrogen molecule
have been the subject a great deal of experimental1-45 and
theoretical46-94 study. These reactions have also been discussed
in a number of summary articles.95-101 We have recently
reviewed93 the highlights in the experimental and theoretical
history of the reactions of chlorine and the hydrogen molecule.
There are two different reactions that may be studied in the
H2Cl system. The first is the abstraction reaction which has
the form
Cl + XY w\x
k1
k-1
XCl + Y (R1)
where X, Y ) H, D, or T. In this article, we will consider
both forward and reverse reaction rates for all abstraction
reactions involving chlorine and the three isotopes of hydrogen.
Of these, the reaction of chlorine with H2, in both the forward
and reverse directions, and the forward reaction of chlorine and
D2 are the reactions that have been most widely studied
experimentally, and we will devote considerable attention to
the comparison of our theoretical results to the available
experimental data for these two cases. We will also compare
theory to experiment for Cl + T2, HD, DT, and HT.
The second reaction occurring in the H2Cl system is the
exchange reaction which has the form
X + YCl w\x
k2
k-2
XCl + Y (R2)
where again X, Y ) H, D, or T. In this article, we will present
calculations for both the forward and reverse reactions for all
the isotopic versions of the exchange reaction. The experimental
results are not as definitive for the exchange reactions as for
the abstraction reactions, and thus comparison to experiment is
somewhat limited.
Theoretical investigation of the H2Cl system requires a
potential energy surface. One of the most successful surfaces
for describing the dynamics of H2Cl has been the GSW surface
of Stern, Persky, and Klein;50 this surface is sometimes referred
to as the SPK surface, although that could be confusing since
these authors proposed more than one surface. The GSW
surface has been singled out from the surfaces they presented
because it was found to yield reasonably accurate reaction rates
and kinetic isotope effects (KIEs) for the abstraction reaction
(R1).50,87,88 This surface, however, is not adequate for describ-
ing the dynamics of the exchange process.88 Schwenke et al.88
produced two new surfaces; the second of these, which is
theoretically more justified, is called GQQ. The GQQ surface
is based on the GSW surface, and it also contains a three-center
term designed to correct the GSW potential in the saddle point
region for the exchange reaction. The GQQ surface retains the
good properties of the GSW surface for the abstraction reactions
and gives a better description of the exchange reaction. VTST-
plus-multidimensional-tunneling calculations employing the
GQQ surface have been shown to yield reasonably accurate
kinetic isotope effects for all isotopic variants of the abstraction
reaction (R1).88 In this paper, we present details of a new
potential energy surface, based on modifying the GQQ surface.
This new surface, to be called G3, is a “global” one, i.e., it is
suitable for studying all chemical reactions occurring in the
H2Cl system and is intended to be as accurate as possible (within
the constraints of our semiempirical fitting scheme and our
electronic structure calculations, including the new ones pre-
sented here) for all geometries accessible at chemical energies,
not just along one or more reaction paths. In this respect it is
the same as GQQ and the earlier88 GQ surface (which differs
from the GQQ surface only for the H-Cl-H bending potential
and thus, like GQQ, is closely related to the GSW surface),
and thus we give it the name “global surface number three” or
G3. The motivation for the creation of a new surface is to
improve energetics in the Cl-H-H bending region of the GQQ
potential by incorporating information about the bending
potential from new electronic structure data, in particular ab
initio electronic structure data. Because it improves on the GQQX Abstract published in AdVance ACS Abstracts, July 1, 1996.
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surface in the region of the Cl-H-H bending potential, the
new global surface for the H2Cl system should be more accurate
than any currently available surface.
We will perform variational-transition-state-theory plus op-
timized multidimensional tunneling (VTST/OMT) calculations
using our new surface. (In particular we will use improved
canonical variational theory71 with least-action ground-state
transmission coefficients.84) VTST calculations with transmis-
sion coefficients to account for multidimensional tunneling give
results whose accuracy has been widely validated.84,85,102-108
The results of the present VTST/OMT calculations will be
compared to experimental data.
Section II discusses the calculation of the ab initio data and
describes in detail the fitting procedure used to create the
potential energy surface. Section III presents the methods used
for the rate coefficient calculations. Section IV begins with a
TABLE 1: Values of the MP4-SAC Ab Initio Energies and Differences Used To Fit the Cl-H-H Bending Potential of the G3
Surface
point θ (deg) RHCl (Å) RHH′ (Å) RH′Cl (Å)
V(MP4-SAC)
(kcal/mol)
∆V
(kcal/mol)
V(G3)
(kcal/mol)
∆V
(kcal/mol)
1 180 1.28 0.73 2.01 31.39 25.70
170 1.28 0.73 2.00 31.65 0.25 25.86 0.16
160 1.28 0.73 1.98 32.42 1.03 26.48 0.79
2 180 1.35 0.73 2.08 23.74 18.75
170 1.35 0.73 2.07 23.95 0.21 18.88 0.13
160 1.35 0.73 2.05 24.59 0.85 19.39 0.64
3 180 1.45 0.73 2.18 16.82 12.37
170 1.45 0.73 2.17 16.97 0.14 12.46 0.09
160 1.45 0.73 2.15 17.42 0.60 12.83 0.47
4 180 1.50 0.73 2.23 14.48 10.18
170 1.50 0.73 2.22 14.60 0.12 10.26 0.08
160 1.50 0.73 2.20 14.97 0.49 10.58 0.39
5 180 1.60 0.73 2.33 11.09 7.06
170 1.60 0.73 2.32 11.17 0.08 7.11 0.05
160 1.60 0.73 2.30 11.41 0.31 7.34 0.28
6 180 1.28 0.80 2.08 24.25 19.02
170 1.28 0.80 2.07 24.47 0.23 19.19 0.17
160 1.28 0.80 2.05 25.18 0.93 19.80 0.78
7 180 1.35 0.80 2.15 17.99 13.47
170 1.35 0.80 2.14 18.17 0.18 13.61 0.14
160 1.35 0.80 2.12 18.75 0.76 14.12 0.65
8 180 1.40 0.80 2.20 15.00 10.78
170 1.40 0.80 2.19 15.15 0.16 10.90 0.12
160 1.40 0.80 2.17 15.65 0.65 11.35 0.57
9 180 1.60 0.80 2.40 9.26 5.46
170 1.60 0.80 2.39 9.32 0.07 5.51 0.06
160 1.60 0.80 2.37 9.53 0.27 5.76 0.30
10 180 1.28 0.90 2.18 18.27 13.41
170 1.28 0.90 2.17 18.46 0.19 13.57 0.16
160 1.28 0.90 2.15 19.07 0.80 14.13 0.72
11 180 1.30 0.90 2.20 16.72 12.10
170 1.30 0.90 2.19 16.91 0.18 12.25 0.15
160 1.30 0.90 2.17 17.48 0.75 12.79 0.69
12 180 1.35 0.90 2.25 13.87 9.72
170 1.35 0.90 2.24 14.04 0.16 9.86 0.14
160 1.35 0.90 2.22 14.54 0.67 10.34 0.62
13 180 1.40 0.90 2.30 12.18 8.31
170 1.40 0.90 2.29 12.31 0.13 8.43 0.12
160 1.40 0.90 2.27 12.74 0.56 8.87 0.56
14 180 1.45 0.90 2.35 11.28 7.55
170 1.45 0.90 2.34 11.40 0.11 7.66 0.11
160 1.45 0.90 2.32 11.76 0.48 8.05 0.50
15 180 1.60 0.90 2.50 10.92 7.17
170 1.60 0.90 2.49 10.98 0.05 7.24 0.07
160 1.60 0.90 2.47 11.16 0.24 7.50 0.33
16 180 1.28 1.00 2.28 14.87 10.26
170 1.28 1.00 2.27 15.03 0.16 10.40 0.14
160 1.28 1.00 2.25 15.55 0.68 10.88 0.62
17 180 1.35 1.00 2.35 12.08 8.15
170 1.35 1.00 2.34 12.22 0.14 8.28 0.12
160 1.35 1.00 2.32 12.66 0.58 8.70 0.55
18 180 1.40 1.00 2.40 11.55 7.88
170 1.40 1.00 2.39 11.67 0.13 7.99 0.11
160 1.40 1.00 2.36 12.05 0.51 8.39 0.51
19 180 1.45 1.00 2.45 11.82 8.25
170 1.45 1.00 2.44 11.92 0.10 8.35 0.10
160 1.45 1.00 2.41 12.25 0.43 8.71 0.46
20 180 1.35 1.20 2.55 10.41 7.01
170 1.35 1.20 2.54 10.52 0.11 7.09 0.08
160 1.35 1.20 2.51 10.86 0.45 7.37 0.36
21 180 1.40 1.20 2.60 11.57 8.36
170 1.40 1.20 2.59 11.66 0.09 8.44 0.08
160 1.40 1.20 2.56 11.95 0.39 8.70 0.34
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geometric/energetic characterization of the new surface and then
gives the results of our VTST/OMT calculations and compares
them to other experimental and theoretical results. Section V
concludes the paper with some general remarks.
II. Surface Fitting
A. Ab Initio Calculations. Ab initio calculations were
performed to map out the Cl-H-H bend potential. These
calculations employed the McLean-Chandler109 basis set for
Cl, combined with the 311G110 basis set for H, augmented by
a set of five d polarization functions for Cl (exponent ) 0.75)
and a set of three p polarization functions for H (exponent )
0.75). The first step in obtaining the energies was to use
unrestricted fourth order many-body perturbation theory, within
the unrestricted Møller-Plesset formulation developed by Pople
and co-workers111,112 and referred to as MP4. These MP4/MC-
311G(d,p) energies were extrapolated to account for the
remaining electron correlation energy using the MP4-SAC
(scaling all correlation) extrapolation method113
E(MP4-SAC) ) E(HF) + E(MP4)-E(HF)F4 (1)
where E(HF) denotes the unrestricted Hartree-Fock114 energy,
E(MP4) denotes the unrestricted energy including the electron
correlation energy through the fourth order using Møller-Plesset
perturbation theory, and F4 is a scale factor taken as the average,
0.82, of previously determined115 scale fractions for the H-H
and H-Cl bonds. (These scale fractions are applicable here
because these are the bonds that are broken and made.) The
results of these calculations are given in Table 1. This table
gives, for a series of geometries, the Cl-H-H bending angle,
θ, the three interpair distances, the potential energy, V, at this
geometry which is defined as
where RAB denotes the A-B distance and Re,HH denotes the H2
equilibrium bond length, and the bending potential, ∆V, which
is defined as
The last two columns will be discussed below; they are based
on the new fit reported in this paper.
B. Functional Forms. As discussed in the introduction,
the new potential energy surface was produced by improv-
ing a previous surface88 called GQQ. One known deficiency
of the GQQ surface is in the Cl-H-H bending potential
near the saddle point.88 Thus, in fitting the G3 surface, we want
to retain most of the features of the GQQ surface while
improving the Cl-H-H bending potential using the new ab
initio data.
The functional form of the G3 potential energy surface is
based on the extended LEPS equation116 with a modification
to allow the Cl-H-H bending potential to be fit more
accurately and with an additional three-center barrier term to
make the surface more accurate in the H-Cl-H exchange
region. The full potential is
where VmeLEPS denotes a modified extended LEPS portion of
the potential, and VB denotes a three-center term designed to
fit the barrier region for the exchange reaction. The zero of
energy on the G3 potential energy surface occurs when the Cl
atom is infinitely far from an H2 diatom that is at its equilibrium
separation (this equilibrium separation is at RHH′ ) 0.74127 Å
on both the GQQ and G3 surfaces).
In the following discussion, we use the variable R to denote
a particular diatomic fragment. The modified extended LEPS
portion of the potential for this work is now written as
where the coulomb integral, QR, is written as
and the exchange integral, JR, is written as
where VR
S
and VR
T denote the singlet potential energy curve and
an effective triplet potential energy curve, respectively, for
diatom R. We call the latter an effective triplet curve because
technically it is a triplet curve in the formal derivation of the
London equation,117 but we never use eq 5 where it reduces to
this excited-state triplet curve. Thus the triplet curve is free to
be adjusted to make the three-body potential be as accurate as
possible for the ground-state doublet.
The singlet potential curve for diatom R is represented by
where
De,R denotes the dissociation energy, âR denotes the Morse
parameter, Re,R denotes the equilibrium bond distance, and
RR denotes the internuclear separation of diatom R. The
effective triplet potential curve for the H2 fragment is repre-
sented by88
where ∆R is a Sato parameter.118 The effective triplet potential
curve for the HCl diatom is modified slightly to allow fitting
control of the bending potential. It is defined for the present
work as
where
where c1 and c2 are constants, and θ is the Cl-H-H angle.
Several different variations similar to eq 12 were studied during
this project, and the form used in this paper was chosen because
V ) E(RHCl, RHH′, RH′Cl) - E(∞, RHH′ ) Re,HH, ∞) (2)
∆V ) V(RHCl, RHH′, θ) - V(RHCl, RHH′, θ ) 180 deg) (3)
VG3 ) VmeLEPS + VB (4)
VmeLEPS ) DHH′ + QHCl + QHH′ + QH′Cl -
x12[(JHCl - JHH′)2 + (JHH′ - JH′Cl)2 + (JH′Cl - JHCl)2] (5)
QR ) 12(VR
S + VR
T) (6)
JR )
1
2(VR
S - VR
T) (7)
VR
S ) De,R(yR2 - 2yR) (8)
yR ) e
-âR(RR-Re,R) (9)
VR
T ) (De,R2 )(1 - ∆R1 + ∆R)(yR2 + 2yR) (10)
VR
T ) (De,R2 )(1 - ∆R1 + ∆R)(fyR2 + 2yR) (11)
f ) 1 + c1g(1 - x2) + c2g(1 - x4) (12)
x )
RHCl - RH′Cl
RHH′
(13)
g ) {12[1 + cos θ]}6 (14)
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in preliminary tests it gave the qualitatively best fit to the ab
initio data for the present triatomic system. The function f has
been constructed such that it is unity for all collinear geometries;
thus our surface is identical to the GQQ surface at all collinear
geometries. The use of two adjustable parameters, c1 and c2,
allows for more flexibility in fitting the bending potential than
a single parameter would allow; for example, we could think
of it as allowing a fit to an effective quartic term in the bend
potential as well as the quadratic one. The f function also
preserves the homonuclear exchange symmetry of the potential
energy surface. The function g attains its maximum value of
unity for collinear Cl-H-H and rapidly falls to its minimum
value of zero for collinear H-Cl-H. This ensures that the
modification to the surface is only significant in the region of
the Cl-H-H reaction valley, and it does not significantly
change the global properties of the surface in the vicinity of
the exchange reaction path.
The three-center barrier term, which is significant only for
H-Cl-H geometries, is defined as88
where
and J, R′, R˜, â′, q2, and q4 are constants. This is a particularly
convenient functional form because it allows the optimization
procedure to be performed in three independent steps. This
fitting procedure has been described previously88 and is
discussed in more detail immediately below.
C. Fitting Procedure and Discussion of Fit. The strategy
for making the new potential energy surface used energy
differences of the ab initio data at 21 sets of points near the
reaction path for the abstraction reaction (R1) and in the region
of the Cl-H-H transition state. We denote the energy
differences by the quantity ∆V, which is defined in eq 3.
As shown in Table 1, bending angles of 160 and 170 de-
grees were used for fitting the G3 surface. A bending angle
of 180 degrees gives the collinear geometry. A total of 42
nonzero values of ∆V, which are presented in Table 1, were
used in fitting the new surface. An improved surface should
be obtained by minimizing the root-mean-square (RMS) devia-
tion of the ∆V values of the new surface from the ab initio ∆V
values.
The G3 surface was produced in an iterative fashion which
has three major steps. In the first step, the values of the
constants c1 and c2 were optimized to give the smallest RMS
deviation from the 42 energy difference values listed in Table
1. This was done by optimizing the value of c2 using a
Levenberg-Marquardt algorithm119 and solving for the parameter
c1 at each iteration so that the value of the potential was exact
for the 20° bending angle of point 18 in Table 1, the point closest
to the saddle point.
Next, the barrier term was optimized to give values of the
G3 surface as close as possible to those of the GQQ surface in
the H-Cl-H barrier region. This fitting was done in three
stages. The motivation for the choices of kinds of data for the
various stages has been described previously.88 First the
parameters J and R′ were optimized using data from points B1-
B5 of Table 2. For these points f 2 ) f 3 ) f 4 ) 1. Next points
B6-B8 of Table 2 were used to optimize the parameter R˜.
Again, these points yield f 3 ) f 4 ) 1. Finally, the parameters
â′, q1, and q2 were optimized using points B9-B13 of Table 2.
The parameters were optimized using a Levenberg-Marquardt
algorithm119 to minimize the potential energy differences
between the GQQ surface and the new surface. These values
are shown in Table 2.
The entire fitting process was performed iteratively because
changes to the barrier term affect the Cl-H-H bending potential
and vice versa.
The vibrationally adiabatic ground-state barrier height Va
AG
for the G3 surface was found by VTST calculations. The
quantity Va
AG
represents the maximum of the adiabatic ground-
state potential energy curve, Va
G(s), relative to the zero of
energy of the surface; this curve is defined by71,120
where VMEP(s) is the value of the potential energy at a point s
on the minimum energy path (MEP), and ²G(s) is the sum of
the zero-point energies for the three modes (one stretch and a
double-degenerate bend) orthogonal to the reaction path at s.
Similarly we define
and ∆Va
AG is the maximum value of ∆Va
G
. The values of the
Sato parameters for the HCl and H′Cl diatoms were adjusted
until the value of Va
AG
agreed with the GQQ surface value of
11.81 kcal/mol for the reaction Cl + H2 f H + HCl, when
computed using the anharmonicity methods summarized in the
next section.
The values of all parameters used to define the G3 surface
may be found in Table 3.
The results of the fit are reasonable in the region of the
bending potential, as can be seen in Table 1. The G3 surface
produces an RMS absolute deviation of 0.08 kcal/mol from the
ab initio values compared to a value of 0.16 kcal/mol for the
GQQ surface. In the H-Cl-H barrier region, the G3 surface
agrees quite well with the GQQ surface, which was fit to ab
initio calculations88 in that region.
TABLE 2: Geometries and Values of the GQQ Potential
which Were Used To Fit the Barrier Term of the G3
Surface
point RHCl (a0) RH-H′ (a0) RH′Cl (a0)
V(GQQ)
(kcal/mol)
V(G3)
(kcal/mol)
B1 2.7000 5.4000 2.7000 21.8015 21.8025
B2 2.7768 5.5536 2.7768 21.1325 21.1318
B3 2.7944 5.5888 2.7944 21.1112 21.1104
B4 2.8384 5.6768 2.8384 21.2458 21.2454
B5 2.9000 5.8000 2.9000 21.8336 21.8347
B6 2.7944 5.5835 2.7944 21.2263 21.2263
B7 2.7944 5.5039 2.7944 23.3249 23.3249
B8 2.7944 4.2813 2.7944 56.1469 56.1474
B9 2.6944 5.4888 2.7944 21.2309 21.2310
B10 2.7500 5.5444 2.7944 21.1302 21.1295
B11 2.8500 5.6444 2.7944 21.1353 21.1348
B12 2.9000 5.6944 2.7944 21.1804 21.1805
B13 2.9000 5.7384 2.8384 21.4410 21.4413
Va
G(s) ) VMEP(s) + ²G(s) (20)
∆Va
G(s) ) VaG(s) - VaG(s ) -∞) (21)
VB )
J f 1 (RHCl, RH′Cl) f 2 (RHCl, RH′Cl) f 3 (RHCl, RHH′, RH′Cl) f 4 (θ)
(15)
f 1 (RHCl, RH′Cl) ) e-R′(RHCl+RH′Cl)
4 (16)
f 2 (RHCl, RH′Cl) ) e-R˜(RHCl-RH′Cl)
2 (17)
f 3 (RHCl, RHH′, RH′Cl) ) e-â′(RHCl+RH′Cl-RHH′)
2 (18)
f 4 (θ) ) 1 + q2 sin2 θ + q4 sin4 θ (19)
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III. Methods for Dynamics Calculations
The rate coefficients presented in this paper were calculated
using improved canonical variational transition state theory71
(ICVT) with least-action ground-state84 (LAG) transmission
coefficients. The stretch vibrations were treated by the WKB
method85 for the ground state; excited state eigenvalues were
computed using the Morse I approximation.121 The bends were
treated by harmonic-quartic force constants obtained by a Taylor
series71 with the energy levels computed by a centrifugal
oscillator formulation.122 We note that the centrifugal-oscillator
method includes quartic anharmonicity in each bend and the
quartic term coupling the two degenerate bend components.
All calculations were performed using the program
ABCRATE.123 The computations were carried out on an SGI
Power Challenge L workstation. All VTST rate coefficient
calculations are converged numerically to better than 1%.
The contribution of the 2P3/2 and 2P1/2 states to the electronic
partition function of Cl was included in all calculations with
the usual assumption124 that only the ground electronic surface
is reactive; other species were treated as ground states with a
degeneracy of one (H2, HCl) or two (H, transition states) with
no low-lying excited states.
The temperature dependence of the rate data presented in the
following sections has been fit to two functional forms. The
first of these is an Arrhenius equation of the form
where R is the gas constant (1.987 216 kcal mol-1) and the
pre-exponential factor A and the activation energy Ea are
adjustable parameters. The second is a three-parameter equation
where A′, n, and B are adjustable parameters. For eqs 22 and
23, fits were carried out using rate data at three temperatures
where T1 < Tmid < T2 and
1
Tmid
) 12( 1T1 + 1T2) (24)
The parameters in the fits using eq 22 were obtained by
minimizing the sum of the squares of the deviation in the
logarithm of the rate coefficient at the three temperatures.
IV. Results and Discussion
A. Characterization of the Transition State. The transition
states of the H2Cl system on the G3 surface may be characterized
by several quantities, some of which are presented in Table 4.
Transition states for both abstraction and exchange reactions
have a collinear geometry. The values RAB and RBC give the
internuclear separations of the nearest neighbors. The imaginary
frequency at the transition state is denoted ωq. The harmonic
vibrational quanta for the bond stretching and bending modes
are given by ωstr and ωbend, respectively. The conventional
transition state is further specified by its barrier height, Vq,
relative to the reactants at classical equilibrium, and VAG de-
notes the potential energy at the adiabatic ground state maxi-
mum. The adiabatic ground state maximum, Va
AG
, which was
defined previously, and the quantity ∆Va
AG
, which is the same
as Va
AG
, but relative to the reactant species including the zero
point energy, are also given in Table 4, as are the values of
Va
G
and ∆Va
G for the conventional transition state.
Table 4 shows that variational effects, by which we mean
the deviation of VTST geometries, energies, and rate coefficients
from values used in or predicted by conventional TST, are much
larger for the reaction of Cl with heteronuclear diatomics than
for abstraction from homonuclear reactants or for the exchange
reactions.
B. The Perprotio Cl + H2 Reaction. A plot of the
calculated forward reaction rate coefficient k1 for the abstraction
reaction (R1) involving H2 on the G3 potential energy surface
is given in Figure 1 where it is compared to various experimental
results. The agreement of the present results with experiment
is seen to be quite good at higher temperatures, while the rate
coefficients are somewhat larger than experiment at lower
temperatures. Figure 2 presents the reverse reaction rate
coefficients (k-1) for the abstraction reaction (R1) involving H2
and compares these rate coefficients to experiment. The rate
coefficients for these reactions on the G3 surface are presented
in Table 5.
The rate coefficient data for forward and reverse reactions
have been fit to an Arrhenius equation using the procedure
described in section III. The results of the fit to the form of eq
22 for a variety of temperature ranges are presented and
compared to fits of experimental data in Table 6. The results
of Kumaran et al.43 are included in Table 6 by evaluating their
three-parameter expressions at three temperatures which meet
the criterion specified by eq 24 and by fitting these three values
to eq 22. This makes comparison to our results as consistent
as possible.
The activation energies in Table 6 may be interpreted as
effective Arrhenius slopes in a temperature interval around Tmid.
The temperature-dependent Arrhenius slope is physically mean-
ingful, according to Tolman, as the average energy of a
molecular pair that reacts in excess of the average energy of all
molecular pairs.125 Thus we call such slopes Tolman activation
energies. Table 6 shows that the Tolman activation energy
increases with Tmid both experimentally and theoretically. The
experimental Ea is about 4.4 ( 0.1 kcal (all energies in kcal
are in molar quantities) at Tmid ) 240-344 K, whereas the
theoretical one is about 4.0 ( 0.1 kcal over this region. The
theoretical discrepancy from experiment increases to 0.5-0.6
kcal at Tmid = 500 K, to 0.8 kcal at Tmid = 900 K, and to 2.5
kcal at Tmid = 2200 K. Overall, the experimental behavior
shows greater deviation from the Arrhenius prediction of the
rate coefficient Ea than does theory, with the discrepancies being
an increasing function of temperature. The discrepancies at
low and high temperature are visually clear in Figure 1.
Nevertheless theory does correctly reproduce the fact that
Ea approximately doubles over the experimental temperature
range.
Kumaran et al.43 have reported a three-parameter fit of their
data over the temperature range 354 e T e 2939 K, and casting
their fit in the three-parameter form given in eq 23 yields A′ )
9.43 × 10-12 cm3 molecule-1 s-1, n ) 1.72, and B ) 1544 K.
A three-parameter fit as given in eq 23 was produced for the
G3 surface using rate data at the temperatures 354, 632, and
2939 K. The results are A′ ) 1.61 × 10-11 cm3 molecule-1
TABLE 3: Parameters of the H2Cl G3 Potential Energy
Surfacea
De,HCl 106.447 kcal/mol c1 3.105 39
De,H2 109.458 kcal/mol c2 -1.894 26
Re,HCl 1.2732 Å J 0.075 801 6 Eh
Re,H2 0.74127 Å R′ 0.000 862 736 a0-4
âHCl 1.8674 Å-1 R˜ 0.298 197 a0-2
âH2 1.9413 Å-1 â′ 0.143 911 a0-2
∆HCl 0.1835 q2 0.694 032
∆H2 0.1670 q4 1.696 31
a The G3 potential uses the conversion factors 1 hartree ) 627.509 5
kcal/mol and 1 a0 ) 0.529 177 06 Å.
k ) A exp(-Ea/RT) (22)
k ) A′ (T/600 K)n exp(-B/T) (23)
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s-1, n ) 1.03, and B ) 1760 K. The fact that the theoretical n
is smaller than the experimental one means that theory predicts
less non-Arrhenius behavior than is observed experimentally,
which is consistent with the previous paragraph. In particular,
our fit has n equal to 1.03, whereas the fit to experiment has n
equal to 1.72.
Having calculated the forward and reverse rates for the
abstraction reaction (R1) involving H2, we may now calculate
TABLE 4: Saddle Point and Variational Transition State Theory Characteristics of the G3 Surface for A + BC f AB + C
Reactions
species
(ABC) RAB (Å) RBC (Å)
V
(kcal/mol)
Va
G
(kcal/mol)
∆Va
G
(kcal/mol) ωq (cm-1) ωstr (cm-1) ωbend (cm-1)
ClHH 1.401a 0.990 7.88 11.81 5.62 1520 i 1358 581
1.409b 0.977 7.87 11.81 5.62 1353 584
ClDD 1.401 0.990 7.88 10.64 6.24 1077 i 984 412
1.404 0.985 7.88 10.64 6.24 982 413
ClTT 1.401 0.990 7.88 10.14 6.54 882 i 823 337
1.402 0.988 7.88 10.14 6.54 822 337
ClHD 1.401 0.990 7.88 11.23 5.85 1402 i 1055 543
1.387 1.009 7.86 11.24 5.86 1099 540
ClDH 1.401 0.990 7.88 11.21 5.83 1177 i 1257 461
1.425 0.949 7.80 11.26 5.88 1314 468
ClHT 1.401 0.990 7.88 10.96 5.89 1345 i 910 530
1.367 1.035 7.78 11.00 5.93 1087 522
ClTH 1.401 0.990 7.88 10.95 5.88 1018 i 1204 414
1.439 0.923 7.67 11.05 5.98 1379 423
ClDT 1.401 0.990 7.88 10.39 6.37 1026 i 856 394
1.396 0.997 7.88 10.39 6.37 864 393
ClTD 1.401 0.990 7.88 10.39 6.37 929 i 944 358
1.409 0.976 7.87 10.40 6.38 948 360
HClH 1.479 1.479 18.10 22.29 18.06 1251 i 1727 583
1.479 1.479 18.10 22.29 18.06 1727 583
HClD 1.479 1.479 18.10 21.70 18.66 1055 i 1468 509
1.460 1.494 18.06 21.72 18.68 1509 512
HClT 1.479 1.479 18.10 21.44 18.92 950 i 1349 483
1.448 1.502 18.02 21.50 18.98 1446 489
DClD 1.479 1.479 18.10 21.09 18.04 909 i 1222 423
1.479 1.479 18.10 21.09 18.04 1222 423
DClT 1.479 1.479 18.10 20.83 18.31 829 i 1108 391
1.471 1.485 18.09 20.83 18.31 1115 391
TClT 1.479 1.479 18.10 20.56 18.04 761 i 998 355
1.479 1.479 18.10 20.56 18.04 998 355
a Upper value refers to the conventional transition state, i.e., the saddle point. b Lower value refers to the adiabatic ground state maximum, which
is the variational state at 0 K.
Figure 1. Arrhenius plot of theoretical (ICVT/LAG; G3) and selected
experimental rate coefficients for the Cl + H2 f HCl + H reaction.
Figure 2. Arrhenius plot of theoretical (ICVT/LAG; G3) and selected
experimental rate coefficients for the H + HCl f Cl + H2 reaction.
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the equilibrium constant, Keq, as
The calculated values of the equilibrium constant are pre-
sented in Table 7 and compared to data given by Miller and
Gordon. (Miller and Gordon32 give values for the equilibrium
constant that were calculated by statistical mechanics using data
for the diatomic species given by Huber and Herzberg.126) Over
the entire temperature range given in Table 7, the values from
the G3 surface yield a mean percent deviation of 3% from the
fit to experimental data of Miller and Gordon32 and 7% from
the expression calculated from the data of Huber and Herzberg126
on the diatomic species.
C. Kinetic Isotope Effects. We begin by considering the
reaction of chlorine with deuterium. A plot of the ICVT/LAG
forward reaction rate coefficients (k1) for the abstraction reac-
tion (R1) involving D2 on the G3 surface is given in Figure
3 along with experimental results. Agreement with the ex-
perimental data is well within the discrepancies among the
individual experiments. Miller and Gordon36 point out that
their results at low temperature may be inaccurate due to an
experimental artifact, so it is unclear to what extent, if any,
the rate coefficients predicted by the G3 surface are in error
for this reaction. The rate coefficients for the forward and
reverse reactions on the G3 surface are given in Table 5, and
the Tolman activation energies are given in Table 6. Again
the latter quantity approximately doubles over the experimental
temperature range, and this observation is well reproduced by
theory.
Kumaran et al.43 report a three-parameter expression which,
cast in the form of eq 23, yields the rate coefficients A′ ) 8.77
× 10-12 cm3 molecule-1 s-1, n ) 1.62, and B ) 2162 K for
the temperature range 255-3020 K. We produced a three-
parameter fit of the form of eq 23 at the temperatures 255, 470,
and 3020 K with A′ ) 7.85 × 10-12 cm3 molecule-1 s-1, n )
1.32, and B ) 2169 K. Thus our results are in excellent
agreement with experiment for the Cl + D2 reaction in an
average sense.
Table 8 gives the kinetic isotope effect (kHH/kDD) for the G3
surface and makes comparison to experiment. The theoretical
kinetic isotope effects exceed the experimental ones by more
than 10% for T e 600 K but are in good agreement with
experiment for T ) 1000-2400 K. A three-parameter expres-
sion valid over 354 e T e 2939 K is obtained by taking the
ratio of the three-parameter fits of Kumaran et al.43 for the
reactions of chlorine with hydrogen and deuterium. This yields,
in terms of eq 23, the parameters A′ ) 1.07, n ) 0.10, and B
) -618 K (note that the parameters A and A′ used in this section
represent ratios of values from rate constant expressions, and
are thus unitless quantities). A fit of the deuterium isotope effect
data from the G3 surface to the three-parameter form given in
eq 23 at the temperatures 354, 632, and 2939 K yields A′ )
1.50, n ) -0.11, and B ) -574 K. Miller and Gordon36 report
the Arrhenius parameters A ) 1.16 and Ea ) -1.22 kcal mol-1
for the H2/D2 rate coefficient ratio over the temperature range
255 e T e 500 K. The values for these parameters on the G3
surface evaluated using the temperatures 255, 338, and 500 K
are A ) 1.66 and Ea ) -1.08 kcal mol-1.
Kinetic isotope effects may also be computed for other
isotopic combinations in the H2Cl system. The information
available for the other reactions spans a more narrow region.
We compare the experimental data for various kinetic isotope
effects to the values obtained from the G3 surface at the upper
and lower ends of the experimental temperature ranges in Table
9. The rate data necessary for the calculations are presented in
Table 5 and Tables S-I-III. (Tables with numbers prefixed
by S are part of the supporting information.)
Interestingly, the theoretical KIEs are larger than the experi-
mental values in all cases with T e 445 K in Table 9, with an
average deviation of 27%. It is not known if this is within the
experimental uncertainty.
D. Abstraction and Exchange Reactions. In this section,
the forward (k1) abstraction reactions (R1) involving the HD
and DH molecules and the forward (k2) and reverse (k-2)
exchange reactions (R2) involving HD are examined. At 300
K we obtain k2 and k-2 in the range 2 × 10-15-9 × 10-14 cm3
molecule-1 s-1. Table S-I tabulates the forward and reverse
rate coefficients for these reactions at 18 temperatures.
The ratio of the rate coefficient for exchange to that for
abstraction (ke/ka) is called the branching ratio. To elucidate
the basic trends in this quantity, we compute an average
exchange rate coefficient (ke) as the average of the forward (k2)
and reverse (k-2) reaction rate coefficients for the exchange
reaction (R2) involving HD. An average abstraction rate
coefficient (ka) is computed as the average of the forward (k1)
abstraction reaction (R1) rate coefficients involving the HD and
TABLE 5: ICVT/LAG Forward and Reverse Reaction Rate Coefficients (cm3 molecule-1 s-1) for the Indicated Abstraction
Reactions on the G3 Potential Energy Surface
Cl + H2 f H + HCl Cl + D2 f D + DCl Cl + T2 f T + TCl
T (K) forward reverse forward reverse forward reverse
200 8.95(-16)a 6.73(-15) 4.05(-17) 1.29(-15) 6.25(-18) 3.88(-16)
245 5.21(-15) 2.36(-14) 3.48(-16) 5.12(-15) 7.17(-17) 1.81(-15)
250 6.11(-15) 2.65(-14) 4.23(-16) 5.82(-15) 8.97(-17) 2.09(-15)
255 7.13(-15) 2.96(-14) 5.12(-16) 6.59(-15) 1.11(-16) 2.41(-15)
275 1.26(-14) 4.45(-14) 1.03(-15) 1.04(-14) 2.48(-16) 4.05(-15)
298 2.21(-14) 6.72(-14) 2.08(-15) 1.67(-14) 5.53(-16) 6.88(-15)
300 2.31(-14) 6.94(-14) 2.20(-15) 1.73(-14) 5.90(-16) 7.18(-15)
345 5.64(-14) 1.34(-13) 6.76(-15) 3.70(-14) 2.13(-15) 1.70(-14)
350 6.15(-14) 1.43(-13) 7.54(-15) 3.99(-14) 2.41(-15) 1.85(-14)
400 1.31(-13) 2.52(-13) 1.97(-14) 7.76(-14) 7.21(-15) 3.93(-14)
445 2.28(-13) 3.84(-13) 3.99(-14) 1.28(-13) 1.61(-14) 6.87(-14)
450 2.41(-13) 4.00(-13) 4.28(-14) 1.34(-13) 1.74(-14) 7.27(-14)
500 3.97(-13) 5.89(-13) 8.13(-14) 2.13(-13) 3.61(-14) 1.22(-13)
550 6.05(-13) 8.20(-13) 1.40(-13) 3.17(-13) 6.65(-14) 1.89(-13)
600 8.68(-13) 1.09(-12) 2.23(-13) 4.47(-13) 1.12(-13) 2.77(-13)
1000 4.93(-12) 4.56(-12) 2.15(-12) 2.56(-12) 1.40(-12) 1.85(-12)
1500 1.30(-11) 1.03(-11) 7.21(-12) 6.57(-12) 5.47(-12) 5.25(-12)
2400 3.27(-11) 2.25(-11) 2.08(-11) 1.52(-11) 1.66(-11) 1.24(-11)
a Values in parentheses are multiplicative powers of ten.
K1 ) k1/k-1 (25)
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DH molecules. This ratio is given in Table 10 for results from
the G3 surface at several temperatures. There is considerable
disagreement in the literature over both quantitative and
qualitative values of this kind of ratio, so comparison to
experiment is not very meaningful at the present time (see
section V).
E. Comparison to G3 Surface. Table 11 compares selected
rate constants for the G3 surface to those for the earlier GQQ
surface. The agreement is reasonably good, but reaction rate
coefficients are less sensitive to the detailed features of the PES
topography than are other dynamical quantities such as state-
to-state cross sections. We emphasize that the merit of the G3
surface is not that it predicts more accurate rate constants than
the GQQ surface (which was empirically quite good for
abstraction reactions) but rather that it predicts rate coefficients
with comparable accuracy while correcting the known deficiency
in the bending potential on the GQQ surface. Thus the G3
surface is expected to be more reliable for detailed dynamics,
such as for rotational effects on reaction rates (which are
intimately connected to bending potentials127) or for comparison
to molecular-beam differential cross sections.
F. Additional Rate Coefficients. At this point we have
presented most of the rate data computed on the G3 surface.
We have not considered, however, the exchange reactions (R2)
involving HT and DT or any of the homonuclear exchange
reactions. For the sake of completeness, the calculated rate data
for these reactions are presented in the supporting information
in Tables S-II-IV.
TABLE 6: Arrhenius Parameters for Various Experiments and on the G3 Surface
temp range (K) Tmid (K)a A (cm3 molecule-1 s-1) Ea (kcal mol-1) ref
Cl + H2 f H + HCl
200-300 240 3.49(-11)b 4.55 Watson27
199-354 255 2.52(-11) 4.40 Kumaran et al.43
199-499 285 3.65(-11) 4.59 Miller and Gordon32
200-500 286 2.66(-11) 4.42 Lee et al.26
200-650 306 2.40(-11) 4.37 Baulch et al.33
251-546 344 1.99(-11) 4.3 Westenberg and de Haas11
291-1283 474 4.40(-11) 5.10 Adusei and Fontijn45
298-1192 477 2.84(-11) 4.13 Adusei and Fontijn42
699-1217 888 1.13(-11) 6.18 Kumaran et al.43,c
1769-2939 2209 5.33(-10) 10.77 Kumaran et al.43,c
200-250 222 1.32(-11) 3.81 present
250-300 273 1.77(-11) 3.96 present
300-400 343 2.40(-11) 4.14 present
291-1283 474 5.10(-11) 4.63 present
400-600 480 3.77(-11) 4.50 present
600-1000 750 6.62(-11) 5.17 present
699-1217 888 7.39(-11) 5.35 present
1000-1500 1200 8.90(-11) 5.76 present
1500-2400 1846 1.52(-10) 7.35 present
1769-2939 2209 1.88(-10) 8.23 present
2400-3000 2667 2.25(-10) 9.19 present
H + HCl f Cl + H2
195-373 256 1.49(-11) 3.1 Clyne and Stedman10
195-497 280 3.82(-11) 3.5 Westenberg and de Haas11
199-502 285 1.81(-11) 3.50 Miller and Gordon32
200-650 306 1.32(-11) 3.40 Baulch et al.33
298-521 379 1.54(-11) 3.17 Ambidge et al.22
298-1192 477 4.98(-11) 5.10 Adusei and Fontijn42
200-250 222 6.32(-12) 2.72 present
250-300 273 8.60(-12) 2.87 present
300-400 343 1.20(-11) 3.07 present
400-600 480 2.03(-11) 3.49 present
600-1000 750 3.85(-11) 4.25 present
1000-1500 1200 5.17(-11) 4.84 present
1500-2400 1846 8.28(-11) 6.25 present
2400-3000 2667 1.17(-10) 7.86 present
Cl + D2 f D + DCl
200-500 286 3.12(-11) 5.80 Miller and Gordon36
257-499 339 2.42(-11) 5.58 Miller and Gordon36
759-1224 937 9.70(-11) 7.37 Kumaran et al.43,c
1684-3020 2162 3.87(-10) 11.45 Kumaran et al.43,c
200-250 222 5.05(-12) 4.66 present
250-300 273 8.34(-12) 4.91 present
300-400 343 1.41(-11) 5.23 present
400-600 480 2.80(-11) 5.77 present
600-1000 750 6.33(-11) 6.75 present
759-1224 937 7.85(-11) 7.14 present
1000-1500 1200 8.14(-11) 7.21 present
1500-2400 1846 1.20(-10) 8.40 present
1684-3020 2162 1.46(-10) 9.15 present
2400-3000 2667 1.74(-10) 10.13 present
a Tmid is defined by Tmid ) [0.5(T1-1 + T2-1)]-1 where T1 and T2 are the extrema of the temperature range listed in column 1. b Values in
parentheses are multiplicative powers of ten. c See text for an explanation of how these parameters were obtained.
13582 J. Phys. Chem., Vol. 100, No. 32, 1996 Allison et al.
G. Conical Intersection. So far the focus has been on the
reactive valleys for the abstraction and exchange reactions and
on the rate coefficients that depend on these valleys. We now
consider the prediction for the location of the minimum-energy
conical intersection in the H2Cl system and the nature of the
potential energy surface between the Cl-H-H saddle point and
the conical intersection. In order to locate the conical intersec-
tion, the potential energy surface was converted to a two-state
diabatic representation including the off-diagonal coupling using
a formalism which has been given elsewhere;128-132 in particular
we use the form given by Garrett and Truhlar.128 This method
yields a lower adiabatic surface (i.e., potential energy surface
for the ground electronic state) which is identical to the G3
surface, and thus it is appropriate for use in finding conical
intersections. With such a potential energy surface set, we locate
the lowest-energy conical intersection by restricting our opti-
mization to C2V geometries (where the off-diagonal coupling
vanishes by symmetry), and we locate the lowest energy point
of this symmetry where the lower and upper surfaces have the
same value. The geometry found by this search is presented in
TABLE 7: Values of the Equilibrium Constant, Keq, for the
Cl + H2 H HCl + H Reaction
T (K) G3 surface
Miller and Gordon
experimenta
Miller and Gordon
calculatedb
200 0.13 0.13 0.12
245 0.22 0.22 0.20
250 0.23 0.23 0.21
255 0.24 0.24 0.22
275 0.28 0.28 0.25
298 0.33 0.32 0.30
300 0.33 0.33 0.30
345 0.42 0.41 0.38
350 0.43 0.42 0.39
400 0.52 0.51 0.48
445 0.59 0.59 0.55
450 0.60 0.60 0.56
500 0.67 0.67 0.63
550 0.74 0.74 0.70
600 0.79 0.81 0.76
1000 1.08 1.16 1.11
1500 1.26 1.39 1.34
2400 1.45 1.59 1.54
a Reference 32. b The data in this column was calculated by Miller
and Gordon32 using statistical mechanics from data on the diatomic
species given by Huber and Herzberg.126
Figure 3. Arrhenius plot of theoretical (ICVT/LAG; G3) and se-
lected experimental rate coefficients for the Cl + D2 f DCl + D
reaction.
TABLE 8: H2/D2 Kinetic Isotope Effects on the H2Cl G3
Potential Energy Surface
temp (K) Miller and Gordona Kumaran et al.b G3 ICVT/LAG
200 13.13 22.13
245 9.92 14.98
250 9.64 14.44
255 12.89 9.37 13.93
275 10.82 8.42 12.18
298 9.10 7.50 10.61
300 8.98 7.43 10.49
345 6.88 6.06 8.34
350 6.70 5.93 8.16
400 5.38 4.84 6.65
445 4.61 4.18 5.71
450 4.54 4.12 5.62
500 3.96 3.63 4.88
550 3.28 4.33
600 3.01 3.90
1000 2.10 2.30
1500 1.78 1.80
2400 1.60 1.58
a Kinetic isotope effect data from the fit of Miller and Gordon32
is presented over the range recommended by the authors. b Refer-
ence 43.
TABLE 9: Kinetic Isotope Effects for Selected Experiments
Compared to Results from the G3 Surfacea
ratio T (K) experimentb experimentc experimentd
G3
surface
HH/DD 245 14.6 12.2 15.0
300 8.98 7.87 10.5
345 7.46 6.88 6.10 8.34
2939 1.55 1.52
HH/TT 275 34.2 50.7
300 39.2
345 18.3 26.5
HD/DH 300 1.76 2.05
445 1.37 1.79
HH/(HD + DH) 245 3.39 4.44
300 3.58
345 2.53 3.13
HH/(HT + TH) 245 6.53 10.8
300 7.47
345 4.06 5.97
HH/(DT + TD) 275 20.7 25.7
300 20.9
345 12.2 15.3
a The notation is that XY denotes the reaction Cl + XY f XCl +
Y, and YX denotes Cl + XY f YCl + X. b Reference 50. c Reference
36. d Reference 43.
TABLE 10: Branching Ratio, ke/ka, in the ClDH System
T (K) G3 surface T (K) G3 surface
200 7.93(-13)a 400 1.50(-7)
245 2.42(-11) 445 6.91(-7)
250 3.55(-11) 450 8.05(-7)
255 5.19(-11) 500 3.14(-6)
275 2.22(-10) 550 9.67(-6)
298 1.02(-9) 600 2.48(-5)
300 1.16(-9) 1000 1.70(-3)
345 1.40(-8) 1500 1.69(-2)
350 1.78(-8) 2400 1.00(-1)
a Numbers in parentheses denote multiplicative powers of ten.
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Table 12 and is compared there to the location and energy of
the Cl-H-H collinear saddle point.
Having located the saddle point and the minimum energy
conical intersection, we now consider the energetic profile
associated with transforming one structure to the other. Specif-
ically we want to consider whether there is a barrier separating
the two structures. We consider two methods for the transfor-
mation of the saddle point geometry to the minimum energy
conical intersection geometry. In both methods, we use three
coordinates which are defined as follows. The coordinate r will
be used to denote the magnitude of the vector r that joins the
H atoms, the coordinate R will be used to denote the magnitude
of the vector R that joins the Cl atom to the center of mass of
the H2 diatom, and the coordinate ø will be used to denote the
angle between vectors r and R.
In the first method of transformation, each of the coordinates
in turn is varied from its value at the geometry of the saddle
point to its value at the geometry of the conical intersection.
The coordinates are varied smoothly from their initial to final
geometries via a parameter λγ which transforms the coordinates
according to the formula
qγ ) qγ
q + λγ(qγci - qγq) (26)
where qγ denotes the value of a particular coordinate γ ) r, R,
or ø, qγ
q is the value of the coordinate γ at the saddle point,
qγ
ci is the value of the coordinate γ at the conical intersection,
and λγ varies linearly from zero to one. There are six distinct
sequences in which the coordinates may be varied; the energies
along the six nonconcerted paths are presented in Figure 4a-f.
In the second method of transformation, we vary the
coordinates in a concerted fashion according to the formula
qη ) qη
q + λ(qηci - qηq) (27)
where η denotes the collection of coordinates r, R, and ø as
defined above, qη
q
and qη
ci denote the geometries of the saddle
point and conical intersection, respectively, and qη denotes the
geometry at any point during the transformation. The parameter
λ varies linearly from zero to one. Using this procedure, the
three coordinates are simultaneously varied from the geometry
of the saddle point to the geometry of the conical intersection.
The energetic profile resulting from this procedure is presented
in Figure 5.
For all seven paths considered here we do not find a barrier
to conversion between these two structures (i.e., the energy along
the profiles considered never exceeds the energy of the conical
intersection). Thus the saddle point may be considered to be a
“shoulder” of the conical intersection, as illustrated schematically
in Figure 6. This is a common geometrical occurrence as
discussed elsewhere.133 Thus the saddle point and the conical
intersection both arise from the same intersection of two diabatic
states.
V. Concluding Remarks
We have presented an improved potential energy surface for
the H2Cl system. This new surface is called G3, and we have
shown that the G3 surface gives a reasonable description of the
abstraction reactions in the H2Cl system for chlorine and all
the isotopes of hydrogen. We believe that this new surface is
a significant step forward in quantitative modeling of the H2Cl
system. However, there are still a number of unresolved issues.
Harding134 has recently performed ab initio calculations on
this system using orbitals obtained by three-electron, three-
orbital complete-active-space (CAS) self-consistent-field cal-
culations, estimating the correlation energy by a multireference
configuration interaction wave function including all single and
double excitations from the CAS, and also including an estimate
of the effect of quadruple excitations by the Davidson
method.135,136 For the one-electron basis, he used Dunning’s
correlation consistent polarized triple-ú (cc-pVTZ) basis set for
H137 and Cl.138 Some properties of the abstraction transition
state as computed by Harding are compared to the GQQ and
G3 surfaces in Table 13. Harding’s calculations yield a lower
value of the imaginary frequency at the saddle point; this would
imply that our barrier is too thin, a deficiency of extended LEPS
surfaces that has been observed in some H3 surfaces.139 A
barrier that is too thin will lead to the overestimation of tunneling
contributions and could account for some of the discrepancies
at low temperature between experimental data and the calcula-
tions presented here. Harding’s barrier height of 9.6 kcal/mol
is 1.7 kcal/mol larger than that of the G3 surface with a barrier
height of 7.9 kcal/mol; this may explain the part of the
discrepancy in the high-temperature activation energies that are
lower than experiment, but it seems unlikely that one could
obtain agreement with the rate coefficients below 1000 K with
a barrier this high. Schwenke et al.88 calculated a value of 7.8
kcal/mol, and Dunning64 has calculated an abstraction barrier
height of 8.1 kcal/mol. All of these calculations64,88,134 neglected
spin-orbit coupling which raises the barrier height. Although
this is not a straightforward task, in future work, we hope to
provide a new potential function based on the shape of the
surface predicted by Harding’s calculations so we can compare
it to the present surface.
Kumaran et al.43 have reported an empirical model which
reproduces their experimental rate coefficients quite well using
conventional transition state theory (TST) with a one-dimen-
sional Eckart tunneling correction. The saddle point properties
of their model are reported in Table 13. The properties of the
saddle point of this model are significantly different from the
G3 surface and its predecessors, and in light of the data
presented in the previous paragraph, the saddle point height
given by Kumaran et al.43 seems too low. In fact, Kumaran et
al.43 state that these results are based on a very approximate
theory, and we believe that conventional TST with one-
dimensional tunneling is probably inadequate to obtain realistic
saddle point properties.
Another difficulty in describing accurate global dynamics for
the H2Cl system is the uncertainty about the exchange barrier
height. Dunning’s calculation64 gives a barrier height of 25.3
kcal/mol, but he predicts the true barrier height to be in the
range of 14.1-21.7 kcal/mol. Botschwina and Meyer63 have
calculated a barrier height of 22 kcal/mol, but estimate the true
TABLE 11: Comparison of ICVT/LAG Rate Coefficients
(cm3 molecule-1 s-1) from the GQQ and the G3 Potential
Energy Surfaces
reaction T (K) GQQ G3
Cl + H2 f HCl + H 300 2.46(-14)a 2.31(-14)
Cl + D2 f DCl + D 300 2.28(-15) 2.20(-15)
H + ClD f HCl + D 200 7.86(-30) 8.32(-30)
300 1.12(-24) 1.20(-24)
400 1.60(-21) 1.70(-21)
600 3.32(-18) 6.88(-18)
1000 2.12(-15) 3.05(-15)
1500 6.75(-14) 8.35(-14)
D + ClH f DCl + H 300 5.83(-24) 6.26(-24)
H + DCl f HD + Cl 200 3.92(-16) 3.69(-16)
300 8.32(-15) 8.15(-15)
400 4.86(-14) 4.79(-14)
600 3.57(-13) 3.50(-13)
1000 2.27(-12) 2.26(-15)
1500 6.85(-12) 7.22(-14)
a Numbers in parentheses denote multiplicative powers of ten.
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barrier height to be between 10 and 15 kcal/mol. The exchange
barrier height on the G3 surface of 21.1 kcal/mol, as calculated
by Schwenke et al.,88 is in reasonable agreement with the ab
initio calculations discussed above but is larger than the estimate
made by Botschwina and Meyer.63 The laser photolysis/infrared
fluorescence experiments of Wight et al.37 place an upper bound
on the exchange barrier height of 22 kcal/mol. Other experi-
mental evidence establishes a lower bound of 7 kcal/mol for
this barrier.100 Several molecular beam studies21,31,33 suggest
that the exchange process occurs at about 9 kcal/mol but are
unable to provide any more definitive insight into the barrier
height. Clearly, further experimental and theoretical work is
required to resolve the issue of the exchange barrier height and
the competition between exchange and abstraction.
We have shown in this paper that the G3 surface is a reas-
onable starting point for predicting rate coefficients for the Cl
+ H2 f HCl + H reaction and its reverse. The success of this
surface in describing the rate coefficients of this system makes
it interesting to test further by accurate quantum dynamics cal-
culations. We present the results of accurate quantum dynamics
calculations using the G3 surface in the following paper.140
All potential energy surfaces developed in our research group
are available in FORTRAN versions to other researchers. Inter-
ested parties should contact the authors directly.
Figure 4. (a-f) Plots of the energetic profile created by starting at the saddle point geometry and varying each of the coordinates R, r, and ø
successively to the geometry of the conical intersection according to eq 26 of the text. The order in which the coordinates were varied is labeled
on the plot. The coordinates R, r, and ø and the equation by which they are varied are defined in the text.
Figure 5. Plot of the energetic profile created by varying the
coordinates R, r, and ø simultaneously from the geometry of the saddle
point to the geometry of the conical intersection. The variation is carried
out according to eq 27 of the text.
Figure 6. Schematic diagram of potential energy as a function of two
internal coordinates showing how motions orthogonal to the reaction
coordinate take one from the saddle point to the conical intersection
without an intervening barrier.
TABLE 12: Locations and Energies of the Saddle Point and
the Conical Intersection on the H2Cl G3 Surface
saddle point conical intersection
RHCl (Å) 1.4011 1.7360
RHH′ (Å) 0.9896 1.1899
RH′Cl (Å) 2.3907 1.7360
V (kcal/mol) 7.8806 64.4374
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